INTRODUCTION
The World Health Organisation (WHO) has confirmed that injuries and fatalities in traffic accidents belong to the category of "epidemics of the modern age" like "Spanish Flu", when every day on the roads worldwide there are about 140,000 people injured, more than 3,000 die and about 15,000 become disabled for their entire lives. It was, namely, found already in the 1990s that among the causes of human mortality, death as consequence of traffic accidents occupied the ninth place. The alarming characteristic of this condition is confirmed also by the data according to which, if such trend continued until 2020, the consequences of traffic accidents will become third among the leading causes of health disturbance, disabilities and deaths. In order to stop this trend in the world various measures are being undertaken, ranging from legal, administrative, technical to organisational ones. The introduction of obligatory use of daily lights [1] on automobiles in road traffic during driving, regardless of visibility and time of day for better vehicle conspicuousness is one of the measures accepted also by Croatia.
However, determining whether at the moment of the traffic accident the regulated lights were switched on, i.e. whether the light bulb filament on the vehicle was in the glowing or cold state, may sometimes be of crucial importance in the procedure of determining the responsibility of the participants in causing the accident. The mentioned fact, that will provide answer to this question from the technical aspect, can be determined only by investigation. The examples of single cases from practice, published in scientific papers, prove how important it is to integrate all the circumstances related to the traffic accident and the interpretation of the results [2, 3] .
Since up to now the light bulb investigations in traffic accidents were very seldom performed, the subject of this scientific research is the light bulb filament which is used in automobiles to light the road ahead and to give light signals, i.e. of all the light signalling devices on an automobile using new technical and technological methods by means of SEM/EDX method. The problems of this kind of investigation, namely, are not limited to simply determining whether the respective light bulb had been switched on or off, but rather it is often necessary to answer a number of other questions such as: which lights were on (high-or low beams), whether or not the turn indicators were on, whether the driver was braking at the moment of the traffic accident or not, and whether a certain light bulb had been functioning properly at the moment of accident [4, 5] . All this is subject of this scientific research with the aim of increasing road traffic safety.
TYPES AND WORKING PRINCIPLES OF ANALYSED LIGHT BULBS
Although technically and technologically the light bulbs for vehicles in road traffic are constantly developing and there is an increasing tendency of fitting light bulbs without tungsten filaments but rather filled with colourless gas obtained by fraction distillation of liquid air xenon, the filament light bulbs are still mostly used. Basically, all light bulbs operate on the same principle regardless of the differences in the design and form of the glass balloon, appearance and design of filaments or supports of filaments, or of the nominal voltage and power. In a filament light bulb there comes to transformation of electrical energy into light energy which results from the Ohm resistance (R) which is generated in the tungsten filament with the passage of electricity of power I and voltage U. These three values are interconnected by the Ohm's law and presented by the following equation:
(1) By passing of electrical energy through the filament (conductor), due to Ohm resistance the conductor becomes hot [6] . Since metals have the property that their resistance increases with the increase in temperature, the Ohm resistance of a glowing filament is about 13 times greater than the resistance provided by a cold filament with the passage of electricity. Thus, when a filament of calculated cross-section and length due to the passage of electricity reaches the glowing state, it starts to emit intensive light. The filament is made of tungsten wire which was cold drawn. The working temperature of the filament depends on the construction characteristics of the bulb. In classic bulbs it ranges from 1,900 -2,200°C, whereas in halogen bulbs the filament temperature is from 2,200 -2,500°C (tungsten temperature of fusion is about 3,300°C). Since the temperature of fusion of the glass balloon is about 1,000 to 1,300°C, it is obvious why the contact of the glowing filament and glass particle of the broken glass balloon/cylinder results in the fusion of the glass particle [7] . At this temperature tungsten would oxidise fast and the filament would break, and therefore in case of classic bulbs the filament is located in a glass balloon from which air has been aspirated. The glass balloon is then filled with a mixture of inert gases (usually argon and nitrogen) under low pressure, so that the pressure within the glass balloon in classic bulb is lower than the atmospheric one. On the other hand, the glass cylinder of halogen lamps is filled by vapour of halogen elements (bromine, iodine, etc.) under a pressure higher than the atmospheric one. The cylinder is made of quartz glass which is not sensitive to sudden changes of temperature and can withstand higher operating temperatures (the temperature of halogen bulb glass cylinder can amount up to 500°C).
Classic tungsten-filament light bulb provides more "yellow" (warm) colour spectrum, whereas in halogen light bulb the filament [8] yields in the visible spectrum more "white" colour. Therefore halogen light bulbs yield light of more intensity compared to the light of the classic filament light bulbs. Halogen light bulbs are used to light the road ahead and for the front fog lights, whereas classic light bulbs are used mainly for signalisation lights on the vehicle (Figure 1) . The more recent versions of light bulbs ( Figure 2 ) have no classic filament, and the working principle is based on the emission of the visible light spectrum of ionized noble gas xenon (Xe, 54) which is obtained by fraction distillation of liquid air [9] . Unlike classic light bulbs, xenon light bulbs provide more light at lower consumption of electricity than halogen light bulbs (35W). The colour of the light is similar to daily light and therefore provides better conspicuousness of pedestrians, road and traffic signalisation, and the light bulb lifecycle is much longer [9] .
Problems during analysis of light bulbs on vehicles damaged in traffic accidents
Traces on vehicle light bulbs that result as consequence of impact/collision, may be the traces which result from inertia forces (traces of plastic deformation of the filament, or similar) and other traces on light bulbs (change in the appearance of the filament in the form of oxidation, traces of fused and deposited particles of broken glass balloon on the filament, and traces of tungsten oxide on the parts of the light bulb: supports of filaments and the interior of the glass balloon). There are several methods suitable for determining the condition of the filament at the moment of traffic accident, which had been until now mainly based on the analysis of the appearance of the filament observed by an optical microscope. The collision of two vehicles of similar masses and higher collision speeds leaves on the light bulb filament current (reversible) or permanent (irreversible) changes. If the observed filament was cold (light not switched on) at the moment of accident, then these changes occur as current elastic deformation of the filament which after the action of the force returns to its original condition. There are no permanent changes on the filament, and the gap between the coils of the filament helix prior to and following the traffic accident remains the same ( Figure 3) . In case the light bulb glass balloon (cylinder) breaks, there are no traces of glass particles on the filaIf the observed filament at the moment of collision/ impact was the glowing state (the light was on) then the changes occur in the form of current elastic deformation of the filament as well as permanent plastic deformation of the filament which after the force ceases to act, does not return to the original state. On the filament there remain permanent changes in the form and shape of the filament. The spacing between the coils of the filament helix before and after the traffic accident is not the same ( Figure 4 ). The cause of such plastic change in the form of the filament is the exceeded yield point of the filament material, i.e. change in the structure of the crystal grid of the construction material [6] . In case when the light bulb glass balloon (cylinder) breaks there may be residual traces In case the filament breaks when it is cold, due to excessive elastic elongation (collision at high speeds) the point at which the filament breaks is located in practice near the filament support [3, 8] . This place of breakage has sharp edges, and with high magnification, at the cross-section of the point of breaking the border lines of crystal grains are visible.
Figure 4 -Light bulb filament with marked permanent (plastic) deformation of helix
of glass particles on the filament itself in the form of fusion or deposit. Regarding different pressures within the glass balloon, which is lower in classic light bulbs than the atmospheric pressure, and in halogen bulbs it is higher than the atmospheric pressure, the expected amount of fused/deposited particles is different.
In case of breaking of the filament in glowing state, due to excessive elastic elongation (collision at high speeds) the point of breaking of the filament is approximately around the middle of the filament. This spot of breaking shows traces of fusion. The fusion traces can be in the form of elongation of the breaking edge or in the form of a deposited ball of irregular shape at the point of breaking. This deposited ball at the point of breaking, which is of irregular shape, needs to be distinguished from the deposited ball at the point of breaking, which is of regular shape and indicates a burned-out filament before the traffic accident. In this case it is necessary to compare the traces of existence or non-existence of the filament deformation, and the traces of deposited glass on the filament if the light bulb glass balloon has been broken in the traffic accident.
The problem that occurs in investigation of the light bulb filaments is in case of very low collision/ impact speeds of vehicles of similar masses, and in collision of vehicles of very different masses, even regardless of the collision/impact speed (e.g. collision between a cyclist/motorcyclist and a heavy vehicle of a large mass, etc.). This problem becomes even more pronounced in case of a collision of a high mass vehicle and a pedestrian. In such cases the question is whether the vehicle force impulse in crash/collision is sufficient to cause plastic deformation of the filament or not. When in such a case the glass of the glass balloon/cylinder breaks and causes defragmentation, the only qualitative method of determining the condition of the respective filament at the moment of collision is the analysis of the existence of particles of fused glass on the filament helix. In the past practice, the condition of the light bulb filament was studied by means of an optical microscope. The magnifications used ranged from 4x to 15x. When using higher magnifications than these, the problem occurred due to the curvature of the filament, making it impossible for the optical microscope to sharpen only a small segment of the filament, leaving the rest non-sharp, which makes the investigation extremely difficult, especially taking photos of the found state ( Figure 5 ). On the other hand, the mentioned magnification does not allow detailed insight into the appearance of the tiny particles that may be found on the filament ( Figure 6 ). It is difficult to determine whether it is deposited/fused glass or some other particles (fibres, plastics, or similar), and it is obvious that neither the chemical composition of the observed particle can be analysed in this way
HYPOTHESIS
The intention of this analysis is to prove that the investigation of the traces of fused and non-fused glass particles of the broken light bulb glass balloon (cylinder) by means of a new technical and technological procedure using SEM/EDX method (Scanning Electron Microscopy/Energy Dispersive X-ray Analysis), i.e. ESEM/EDX electronic microscope (ESEM -Environmental Scanning Electron Microscopy). Such procedure ensures much greater magnification and higher quality of the image in comparison with the optical microscope, allowing also the chemical analysis of glass particles, thus making it possible to determine undoubtedly whether the filament was glowing or not at the moment of the traffic accident, especially in the border cases of the action of inertia forces in collision/ impact. 
EXPERIMENTAL PART

Materials and methods
In the experimental part the classic light bulbs and the halogen light bulbs H4 and H7 were analysed. The environmental scanning electron microscope Philips XL 30 ESEM was used [10, 11, 12] . For the morphology of the glass particles, appearance and study of the filament, the SE, BSE and GSED (Backscattered Electrons and Gaseous Secondary Electron Detector) detectors were used in the range of low and high atmospheric pressure of 0.9 Torr. For the elementary chemical analysis the EDX detector EDAX, and software EDAX Genesis v.6.02 were used [13] . The analysed light bulbs were connected in the electrical circuit by means of a 12V direct current source. The light bulbs were under voltage, i.e. the filaments were glowing for about 10 seconds, and after that the light bulb balloons were broken by a simulated impact. On the filament from the broken light bulb glass particles were found, whose chemical composition matched the composition of the broken glass of the light bulb balloon.
Research results
Classic light bulb
Analysis of the classic light bulb filament using the scanning electron microscope A larger number of glass particles was found on the filament, of characteristic spherical form of average size of 25μm -110μm ( Figure 7) . optical microscope. A part of particles has penetrated the filament (Figures 9 and 10) .
Friction, poor handling and by archiving the filament can result in glass particles falling off the filament (Figures 11 and 12) .
Such particles are of spherical form due to the cooling of the fused glass on the filament of a certain curvature, and if it is found subsequently, it is even A larger number of particles is present because the pressure in the light bulb is lower than the atmospheric pressure, and breaking of the glass balloon resulted in adherence of the glass particles to the tungsten filament (Figure 8) . Apart from smaller particles, larger glass particles may also be found and they are between the filament helix, easily visible also by the possible to put it back to the place from which it had fallen off. If the classic light bulb was broken when it was cold, glass fragments can be found on the filament, but without the characteristic round or spherical form. Also, such glass particle did not penetrate into the cold filament as in case of glass particles and the glowing filament ( Figure 13 ).
Results of chemical analysis of balloon glass, glass particles and filament of a classic light bulb
The elementary analysis of the filament by means of SEM/EDX method has determined that it is a tungsten filament (100wt%), and the filament did not change the composition, not even after having been connected it to the electrical circuit. The light bulb balloon glass analysis has shown that due to the non-homogeneity of the glass (Figures 15 and 17 ) the quantitative analysis of the glass balloon and the glass particles found on the filament cannot be made. In the experiment the qualitative analysis of the balloon glass and the found glass particles on the filament was performed (Tables  1 and 2 ).
The chemical composition of fused particles of the broken glass balloon on the glowing filament is not sig- 
H4 light bulb
H4 headlamp bulb is a bilux headlamp bulb, i.e. a bulb with two filaments; one low-beam headlamp filament and one high-beam headlamp filament. The pressure within the bulb glass cylinder is higher than the atmospheric pressure. By analysing the cylinder glass of H4 halogen headlamp bulb, it can be found that due to the non-homogeneity of the glass one cannot determine the exact percentage of silicon-dioxide (SiO2) in glass, which makes it impossible to perform a quantitative analysis of glass and the glass particles found on the filaments (Figure 18) . Therefore, during the analysis a qualitative analysis of the cylinder glass and the found glass particles on the filaments was carried out (Tables 3, 4, 5 ).
Low-beam headlamps
As in case of classic light bulb, the H4 light bulb is also connected to the 12V direct current source, by only the low-beam headlamp being connected. After having been switched on for about 10 seconds, the light bulb was mechanically broken and the low-beam filament was taken to the support of the electronic mi- croscope. On the filament there were fewer particles of the fused glass than on the classic light bulb filament. It was found that the reason for this was in the pressure within the light bulb glass cylinder which is higher than the atmospheric pressure and at the moment of glass breaking a larger number of broken particles are thrown from the centre of the light bulb outwards (Figures 19 to 22) . Table 3 shows the chemical relations of silicone (Si) and oxygen (O) in glass particles on the H4 light bulb filament as well as their size. The glass particles, namely, of H4 light bulb basically consist of silicone (Si) and oxygen (O).
By comparing the average size of particles determined on the filament of the classic light bulb and H4 halogen light bulb, a significant difference has been observed. The size of particles (in both cases five measurements were performed) in classic light bulb amounts to 32.96µm x 32.38µm whereas in halogen light bulb it is 110.8µm x 88.3µm. The reason lies in the construction difference in the form of different pressures within the glass balloon and the differences of glass itself of which the glass balloon (classic light bulb), i.e. glass cylinder (halogen light bulb) has been made.
High-beam headlamps
From the same experiment, the high-beam headlamp filament has been taken, and after having done the analysis the glass particle existence has not been confirmed (Figure 23) , but rather the presence of impurities has been determined ( Figure 24) . The impurities are the consequence of handling the unprotected filament after the glass cylinder had been broken. 
H4 light bulb: both filaments glowing
H4 light bulb is connected to the electrical circuit of 12V direct current source, with both filaments connected at the same time. After 10 seconds the bulb glass was broken. The filaments were separately taken on the sample supports of the electronic microscope, and the glass of the same light bulb has been taken in the same way. Elementary analysis has shown that there is no major difference between the balloon glass of this light bulb and the H4 light bulb where only low-beam headlamps were switched on. Therefore, the data on the composition of the cylinder glass of the broken light bulb in this research will not be specially indicated.
The carried out analysis has confirmed the expected presence of the deposited/fused glass particles on the low-beam headlamp filament (Figure 25) as well as on the high-beam headlamp filament (Figure 26 ). Like H4 light bulb, the H7 light bulb is also connected to the electrical circuit of 12V direct voltage, for about 10 seconds, and its filament is glowing. After 10 seconds the light bulb glass is mechanically broken and the light bulb filament taken on the support of the electronic microscope.
The analysis has shown the presence of very small particles which are difficult to observe with an optical microscope (Figures 27 and 28) . Other essential differences in relation to H4 light bulb filaments are not noticed ( Table 6 ).
Bulb H7 with burnt-out filament
The next analysis was performed on the light bulb of type H7 on which the filament had burned out before the mechanical damaging. The light bulb was connected to the electrical circuit of the 12V direct voltage for about 10 seconds, and after that it was broken mechanically. By taking the filament and after having carried out the analysis, at the place of light On the filament no traces of the fused glass as result of the broken light bulb glass balloon were found. At the same time no traces of fused glass particles have been found on the connection of the filament and the filament support in the light bulb socket (Figures 30  and 31) . 
CONCLUSION
The scientific research has proven that the new technical and technological method of inspection and analysis of glass traces on the filament using ESEM/ EDX electronic microscope provides accurate and valid result regarding the detection of glass particles on the filament at the moment of the action of inertia forces in the traffic accident.
In comparison with the previous similar research, this original and unique method of analysing automotive light bulbs proves that it is possible to differentiate without doubt various traces of glass on the filament from other traces of organic or inorganic origin. This procedure eliminates any doubt about the possible origin of other traces that are not in relation to the light bulb damaging. It is important to emphasise that by using the scanning ESEM/EDX electron microscope, chemical analysis of the glass can be carried out. Such analysis can be compared to the analysis of the light bulb balloon/cylinder glass in order to detect the origin of the filament in case of bilux light bulbs based on which it can be proven without doubt whether the light bulb was switched on or not at the moment of the traffic accident. Due to the quality of the microscope image, even in case when due to careless handling or other reasons the deposited glass has fallen off the filament, it is possible to identify the places at which the deposited glass had been. Also, it has been proven that this method is more reliable than the method of investigating the filament by means of an optical microscope. This is confirmed by the fact that due to much higher magnification with adequate image quality, the deformation of the image is avoided due to the curvature of the filament, which is the case in using the optical microscope. Apart from the quantity and size of the fused/deposited glass particles on the filament, which depends on the type of light bulb and in case the filament falls out of the light bulb, in this way it is possible to detect the origin of the filament, i.e. the type of the respective light bulb.
The special characteristic of the carried out scientific analysis lies in the fact that the obtained results can doubtlessly prove the responsibility of the participant for causing or for the occurrence of the traffic accident in case when such a fact is required in the court procedure. At the same time, regarding the original and unique approach to applying the method of analysing automotive light bulbs, the authors will carry out a research of light bulbs filled with the gas xenon (Xe) and of the light bulbs with LED technology. 
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